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SUMMARY 



This paper is oonoerned with the efficiency of aircraft antennas. 

It is composed of two natural parts. The first part is a report of the 
results of an exhaustive search of the literature for ossible methods 
and techniques to evaluate the antenna efficiency with the aid of scaled 
models. The second part is a report of the procedure, data, results, 
and the conclusions of the selected method of evaluation. The results 
obtained have not been checked by any other method and may need many in- 
flight tests for proper evaluation. Refinement of techniques fluid 
circuitry undoubtedly will improve the accuraoy and reliability of the 
presented method. 
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CHAPTER I 



INTRODUCTION 

The aircraft industry has the problon of predicting the ran_.e of 
air-borne co unication equipment prior to delivery of the completed 
aircraft* This information is needed in tho design stage in order that 
good location of oamponents may bo made. Excellent transmitting and 
receiving components are available from many industrial sources. High 
speed aircraft require olean airfoils to reduce drag losses. External 
antennas can not bo tolerated. This has oausod aircraft antennas to be 
flush mounted, or even mounted below the ground plane. The flush 
mounted antenna lies in the ground piano with an r.f. window of some 
suitable material for a cover, tho entire installation bein formed to 
fit the aerodynamic requirements. These techniques have oausod many 
problems. Recent flight tests have shown that the predicted range often 
is in error by a ratio of two to one and in some oases as high as four 
to one.* It must be realized that the aircraft structure, and the loca- 
tion of a particular antenna on a specifio aircraft, can cause an un- 
satisfactory radiation pattern. Since the aircraft contour and tho 
antenna location are decided by the aircraft manufacturer, he has firal 
control of the directional characteristics of radiation. 

To gain needed information prior to manufacture! uso has boe made 

of the model range. In the strictest sense both the model and the 

♦Development Reports, Douglas Aircraft Co., Inc., Santa onica Division 
Nos. 1092 and 1095« 
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electromagnetic field need to be properly scaled. The model range, as a 
tool, has been pioneered by such organizations as the Airborne Instru- 
ments Laboratory, Llinoola, N # Y#, the Antenna Laboratory of Ohio State 
University, and the Naval Air Test Center, Patuxent - iver, Hd. There 
is evidence of close correlation between flight and model measurements. * 
Possible causes of the reduction in prediotod range oould be the 
relative polarization between the transmitting and receiving antennas, 
the relative polarization between the propagated wave and the receiving 
antenna, the neglect o.' the surface coefficient of reflection, or the 
antenna efficiency. Frcm the model range the directivity and relvtive 
radiation patterns oan be obtained. Oao important piece of information 
is missing. How much power is being radiated for a specific amount of 
input power? This paper, 1* ited in scope, is concerned with the eval- 
uation of ethods to determine the anUntna efficiency by usir; models 
ard then to adapt the selected method to the sodel range. 



* Project TED No PTR EL 577 ET315-047 16 June 19 52 ELECT LlICS "EST 
WVISIGI US.1ATC PAX RIT MD. 



CHAPTER II 



METHODS OF SOLUTION 

The problem under consideration is to evaluate the methods of deter- 
mining the antenna efficiency with the use of scaled models. Fran the 
methods investigated one has been selected and efficiency measurements 
made. The degree of accuracy with which the scaled model reproduces the 
actual conditions is very important and should not be neglected, how- 
ever modeling per se is not the immediate problem, therefore it is 
assumed that modeling reproduction requirements are fulfilled. 

Four methods o solution are resented below. Che of these has 
better chance of success than the others. This one, th cam arisen 
method, is presented more completely than the other three. These throe 
are given in brief form along with foreseen advantages and disadvantages. 

1. Direct Measurement with a Known Radiation Pattern. 

By measuring the av rage output power in the radiated field and 
the input power at the input terminals the efficiency of the model anten- 
na oan be found, ^he average output power can bo easured with tho aid 
of the model range, a complete set of conical patterns of the odel as 
a receiver are taken.* The entire spherical distribution of radiation 
is recorded. By a summation of the integrated values** the three dimen- 

*For a more detailed description of the techniques used with tho model 
range see the Appendix A, J. D. Kraus (13)j or S. Silver (21). 

**Thi8 procedure is presented in reater detail by P. S. Carter (l) and 
M. V f. Scheldorf (16). 
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sional radiation pattern can be reduced to a sphere which contains the 
same volume. If the radiation patterns are recorded in power then this 
sphere oan represent the average power radiated in all directions, an 
isotropic source. There is a direot relationship between the sphere 

and each part of the radiation pattern. 

Assume that the three dimensional radiation pattern for trans- 
mitting and receiving are the same. If the field intensity is measured 
at a known position of the radiation pattom then the value of the equiv- 
alent sphore oan bo found. This can be changed into the average power 
by utilising the following relationship. When one watt of powor is 
radiated uniformly in all directions the field intersity at one mile 
will be 5.4053 millivolts per meter.* 



\ 




Figure 1. 

Relation of the Radiation Pattern to the Equivalent Sphore 

As an example let Figure 1 be the reoeiving and transmitting 

pattern. For convenience the point of the maximum radiation is set to 
*P. S. Carter (l) 
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tne polar plot value of 10 units. Then, upon integration, let the 
spherical radius be 5 units. 




o* ^ranirmtftr 



F,*H intensity 
M€a *urm<j Qyn/jom tnt 



Figure 2. 

Direct Measurement of Field Intensity 
Let Figure 2 show a measurement at the maximum point of the lobe in 
Figure 1. Let the reading at this point be 22.616 millivolts/meter/ 
mile, that is the field intensity if at a distance of one mile from the 
transmitter. This value, reduced to the equivalert sphere, would be 
6.6066 mv/m/nile, (22.686 x ^ )• This value is the intensity for an 
isotropic source of two (2) watts. The ratio of this value to the 
measured input power is the antenna effioienoy. 

Tho advantages of this method are: it can be adapted to the 

model range and the prooedu re to obtain measurements is not difficult. 

Tho disadvantages are: the matching of the antennas, the reproduction 

of identical transmitting and receiving patterns, and tho non-avail- 
ability of field intensity measuring equipment at the scaled frequencies. 
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Scaled frequencies vary from about 1000 to 1CC00 mos. 
2. The Calorimetric Method# 




Figure }. 

Calorimetric Method 

If the model were placed inside a large sphere, the interior constructed 
of absorbent and non-reflectin' material, the rise in temperature due to 
the radiated power could be measured. The input power could be meas- 
ured outside of the sphere. The efficiency would be the ratio of the 
power absorbed in the sphere to the power supplied to the model. This 
proposed method, although containing many practical difficulties, has 
the unique advantage of being frequenoy insensitive. The disadvantages 
are: procurement of the absorbent material, heat measurements, and feed 

line problems inside the sphere. 

5# The Reflection Method. 

The reflection method, or reradiation method, permits the radi- 
ation resistance of a model antenna, relative to a comparison antenna. 
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to be determined. * If the radiation resistarce of the comparison antenna 
is known then the radiation resistance of the model can be found. The 
antonna resistance, the sum of the radiation resistance and the loss 
resistance, can be obtained from suitable measurements, such as the 
slotted line technique. The antenna efficiency is the ratio of the 

flr 

radiation resistance to the antenna resistance, i.e. Y\ - — r 

Rr+Ro 





Figure 4. 

Reflection Method 

Wj = the poner that antenna 1 reradiated, the model antenna. 

*2 “ the pernor that antenna 2 reradiated, tho comparison antonna. 

Et = tho field of the transmitting horn at tho tost position. 

= tho effoctivo length of the model antonna. 
hi ii the offootivo length of tho comparison antonna. 

=the physioal length of antenna 1, tho modol antenna. 

“the physical length of antenna 2, the comparison antenna. 

Rri = the radiation resistance of antenna 1. 

*E. Istvanffy (9) and J. D. Kraus (13) PP 459-461. 
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R r 2 — the radiation resistance of antenna 2 



k :=a constant involving the distance between the antennas. 
ti — the antenna efficiency. 



R 0 = the loss resistance of the ouel. 

V = the defected voltage .'rom t) e energy reradiatod by an 
antenna at the test position. 

Ra = Rr*^ R o * antenna resistance. 

This development assumes the followin conditions: (1) the 

antennas aro one half wave length and resonant, (? ) the radiati n .attorns 
of the model anu the comparison antennas are similar, - d (3) that the 
ratio of the effective length and the j hysical length are equal for the 
two antennas. The followin * development is given. 



With the radia ion resistance known th% e' icienc^ o the - odol is 



In Figure 4 the • odel and the ccmparison antennas are plaood at the tost 
position at different times. The radiation resistance and antenna effi- 
ciency oan be obtained as shown above. 

There are several disadvantages, which are: (1) the physical 

limitations require that the antennas bo one half wave longth and reso- 
nant; (2 ) a high possibility of reflections from the ground ar.d nearby 
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objects which will disturb the eleotr cmagnotic field; and (3) the re- 
ft 

quiremont that the radiation patterns be similar. x«n advantage of this 
method is that re asur orients may be made of a parasitic antenna. 

4. The Comparison Method. 

This method has been selected a3 more practical than the other 
methods. The power measurements are of relative powers thereby avoid- 
ing the difficulty of measuring absolute power. This method can be 
adapted readily to the * odel range. Efficiency measurements are based 
on this method. 

a. Definition of ossential terms. • 

(1) The directi vitj is the ratio of the powor per 
unit solid angle radiated in a chosen direction to the average powor 
radiated in all directions. D = P/ Pav, where D is the directivity, 

P is the powor intensity in a ohosen direction, and Pav is the average 
power. 

(2 ) The effective aperture is the ratio of the power 

W in the terminating impedance to the powor density of the incide. t 
wave. W/ P 0 , where A « is the effective aperture, Tf is the power 

in the terminating impedanco, and P 0 is tbo r ower density of the i ci- 
dent wave. 

(3) The effectiveness ratio is the ratio of the 

*Tho definitions and the equations on this page are fren J. D. Kraus 
(13) with the exception of the directivity rtiich is from P. S. Carter 
(1). Other references are S. A. Scholkunoff and H. Friis (19), H. Friis 
(8) and R. S. Yfohner (24). 
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effective aperture to the maximum effective aperture, ot — A^ / A^, 
where o( is tho off eoti venose ratio, and is the maximum effective 
aporturo. 

( 4 ) Gain (Go) is the ratio of tho maximum radiation 
intonsity from subject antenna to the radiation intensity from an 
isotropic source with same power input. 

b. Surmary of relationships. 

The following equations will be used to derive an ex- 
pression of the efficiency. 



(1) 


D = 


P/R»y 


(2) 


Go - 


OCD 


( 3 ) 


D = 


4tt Acm/A 


(4) 


> 

** 

II 


W/Po 


( 5 ) 


c < ~ 


At/ A®"* 



The off eotivenoss ratio t ay assume values between zero and 1 
(OisCil). This ratio may bt considered as being composed of two factors, 
^the efficiency factor, and X the mismatch ’actor so that e(sY\)r . 

A perfeotly matohed, ICO per oent effici* t antenna has an effectiveness 
ratio of unity. YThen matched for t*aximun power transfer (¥*1 ) the 
effectiveness ratio equals the efficiency factor, Lnder this con- 

dition the efficiency is the ratio of the effective aperture to the max- 
imum effective aperture, = Aq/ A^. The difference of the aperture 
values is due to tho loss resistance. The same relationship of apertures 
oan be obtained from Schelkunoff and Friis*. They give the following 
♦Schelkunoff and Friis (1?) PP 1CO-1L2. 
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relations. The efficiency is the ratio of the radiation resistance to 
the antenna resistance, = R r /(R r + R c ). The effective aperture of a 

dissipative short dipolo is A«_5A^__Rr _ # that of a non- 

"Frr Rr-*- R 0 

dissipative short dipole is Agn — JA*. The effective aperture for the 

"Fir 

non-dissipativo dlpolo is tho maximum effective aperture* If the effi- 
oency of the receiving antenna is defined as the ratio of the power 
actually delivered to the load to that which could be delivered in the 
absence of heat loss, then the efficiency of the short dipole used as 



a receiver is tho same as its* efficiency when used as a transmitter and 

Hr 3S L 

Rr _ R»+R. Qtt _ Ae 

Aem 



YV = 



Rr +Rc 



Jh L 
8tt 



Tho absolute gain, G 0 , is equal to tho directivity, D, when 
the antenna is perfectly match d and tho efficienoy is 100 per cent. 

Go - eC D, where o( is equal to unity. This is the assumed condition for 
the comparison horn when tho inpedanoe is matched. 

The directivity is determined by the shape of the field pattern 
by graphioal integration and is independent of the antenna loss or mis- 
match. A complete set of conical j attorns taken on the modol rango will 
permit tho directivity to be obtained. *<ith the directivity known the 
maximum effective aperture can be calculated from tho relationship, 

D 3 ' ' TT A om A ’ . 

o. Derivation of tho efficiency expression. 

Let Figure 5 represent tho model (or comparison) antenna 
being illuminated by the transmitter. For convenience lot the subscript 
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1 indicate the model and the subscript 2 indicate the comparison antenna 





Transmitter 



Test position 
( anicun a t sr 2 ) 



Figure 5* 

Comparison Method 
Assume that: 

(1) at the test position the electromajnetio field is 



linearly polarized, of constant strength, of unifor* intensity, and of 
constant phase across the aperture of the receiving antennas. 

(2) the necessary matching can be accomplished for 

each antenna. 

(5) the efficiency of the comparison antenna is 100 



per cent. 



The received power W is measured for antenna 1 and then 
for antenna 2 • The antennas are not under illumination at tho same 
timo# The power recoivod by antonna 1 is 

^1 ” PoAl 

where Ai x the effootive aperture of antenna 1. 
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Wj = the power in the termination of antenna 1. 

P Q x the power density of the incident wave# 

When antenna 2 replaces antenna 1 the power received by antenna 2 is 

*2 = P <A> 

whoro Ag = the effective aperture of antenna 2# 

II ^ the power in the termination of antenna 2# 

By dividing the received power of antenna 1 by that of antenna 2, when 
the power density P 0 is maintained constant 

Wl _ P o A1 _ A^ 

p o A 2 “ Ag 

The mismatch factor for both antennas, and the efficiency factor for the 
comparison antenna, aur o equal to unity# Therefore Ag = Ag m and Ai^Y^Al^, 
whoro Ai n and Ag m are the maximum effective apertures of antennas 1 and 2. 
Thus, 



jn = TLAiM 

"2 Ag m 

v. _ w 1 A2n 

n ~ / 

The value Ag n can be calculated or token from the curves 
given in the text of Schelkunoff and Friis#* This value could be obtained 
in the same nannor as it was obtained for the model# The aporturo values 
must consider the vertical and horizontal polarizations# Therefore it is 
necessary when the relative power measurements are -ado that the polar- 
izations be considered. Thus s i 'le>4- and Wg = The 

power density of the incident wave P 0 must remain constant for the period 
♦Soholkunof f and Friis (1?) pp. 523 - 529 
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of the measurement . There are at least three ways that this may be 
accomplished. ^ monitor antenna may be placed in the field to observe 
the power intensity, A feedback loop in the bolometer amplifier *ay be 
used to keep the a.:plifior gain inversely proportional to the power in- 
tensity at the transmitter • Or the power intensity in the transmitter 
cirouit may be monitored by usin b a directional coupler, a tuned detector 
and an amplifier. With a variable attor uator between the _enorator and 
the directional coupler the trar. anitted power cay be ~a-e the sano for 
each measurement. 

The advantages of this mot' od are: (1) no absolute power measure- 

ment is roquired and (?) it can be ada ted to the tech iques used on the 
odel range. 

The disadvantages are: (1) ^odel range require ents -ust be 
observed and (2) conjugate tatchos at tho antenna terminals : .ust be 
made for each rlative power -easura-ent taken. Tho latter disadvanta e 
is the most difficult part of this »et'od. 
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CHAPTER III 



SPECIAL REW IREJlENTS 

1. Lodel range. The model ran-e cannot reproduce the exact con- 
ditions found in normal oper t: on, therefore "direct ath" ropagation 
is simulated. Reflections due to the round and nearby objects between 
the transmitter anc the receiver can prevent this "direct cath" trans- 
mission. The illuninatin L ant** na used for these experi *ts was a 
r^amidical horn with a bean wieth of about 15 de/,re s. Pruviuis tests 
showed the field strengty to var^ less than 5 por ewat over the receiv- 
ing aporture. J. D. Krajs (13) *nd S. Silver (20) give the fo lowin^ 
model range requirements: 

a. R, tho distance between the r*ceivin ai d t rant-* d tting 
antei as snould bo determined by : 

x 

(1) the uniform field requirement the R , 

where d r is the physical at erturo of the receiving antenna. 

(2 ) the uniform base requirements that R- 2dtdr/A , 
whore d^ is the physical aporture of the tran c tting antenna. 

(3) the av» il .ble radio frequoi c w rower. 

(4) tho receiver sensitivity. 

b. The height (h) o the receiving *te alov ground 

2 

should exceed d r /dt* 

c. A matched detector systr should be used. 

d. A square law detector should be used. 

e* The directivity of the test antenna should not be too 

broad. 



15 















. 












• . 












* 



t , . 





















• J t* • • ▼* 












b kUl*. i 









f. The b ain of the con; orison antenna should be within 10 
db of the unknown antenra. 

2. Bolometer detector and tunor. 

The R'D tuner was used to match t e bolometer roaistcu.ce to the 
antenna impedance. For the cor.^ orison antenna th« t *er was latched to 
the coaxial transition* For the *odel antenna the tuner was laced as 
near as possible to the input terminals of the . odel. hotojraphs A and 
C show tho tuner mounted for the *odel and the o arison rn* Figures 
7, b, ?a, 9b# 10, 11 and 12 show a sectional view of tho tuner and tho 
equivalent oircuits when c-n**ected to *-t e * o». *1 and to the w-vog- ide. 
Figures 7 and b show the sectional view and the equivalo:\ circuit of 
the tunor, including tho tuning stubs* Inures - 9b show the r. • 
and tho detected si nal circuits. M uro 10 is the equivalent circuit 
of the waveguide to coaxial transition to HiD tunor; the com arison 
circuit. Figures 11 and 12 show the equivalent circuit for the :odel 
antenna. Figure 12 represents be circuit for the tunor embedded in 
the model airplane. e bolcr-etor resistance had an ohmio resistance 
of about 200 ohms and was calibrated for square law detection when tho 
power level was one milliwatt or less* 

It will be shown tht the double stub tuner, including the 
bolomoter resistance, can perform the necessary matching. 
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Figure 6a. Figure 6b. 

Equivalent Cirouits of tho FT.D '"unor 
The PTvD tuner oan bo represented b, either of theequi valent oircuita in 
Fi uros 6a and 6b, dependii^. u. • n h* electrical length of t r »e tuning 
stubs. At the frequencies o. operation Xq, tho r.f. bypass capacitance, 
may bo oonaidercd a short circuit. Therefore 

T _ J R»Xt - a. , -EfcXl. 

z -- R b +j* t " J Rf+xl 

By adding Xj, in series the reactance term can be canoelled. Then 

Z - R - U - rc* *«-, 

x-ini - uiwt - riiu, - 

For small values of X 2 ; Xg << Rb 

K ‘"t- R. 

For large values of X 2 > Xg > > Rb 



“' h£rt -i*’ z _ ij&t 



f?iw t — Ri 
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2 RbXz 

The derivative of Rin2 respect to X£ is j b *1 z 

.Then X2 s 0 the derivative s 0 , therefore the 7 *lue of Rin2 varies fron 
zero to a value as^rptotic to Rb# 0 £ Rin2 3t Rb* however the value of 
X2 limits the value of Ri n> . m ost cases Rin2 should be near 50 ohms. 
The tuner willprovide a match as long as Rb » R±n 2 > "with limitations 
fixed by the ran e of X2 and X3. 

5* katchin* the receiver to h* tomiratin i:^e donee, 
a* General considerations: 

The expression or ef' ici noy d -rived atove # rn— *1 ^ 2 o, is 

^Tal^ 

composed of two measured values (TT^ and T?2 )# one derived value (Aim), 
and one computed voluo (A 2 )• A2m and Ai m are determined from sources 
independent of the ef iciency measurin experiment and therefor are not 
considered as a part of the matching problem. The effective aperture de- 
creases for an increase in mismatch, or for an increase in loss resist- 
ance. From the definition of the effective aperture (^sPqA) it oan be 
soon th t the power received in the terminating impedance is proportion- 
al to the effective aperture. The power density of the incident wave 
is the so: e for the model an comparison antennas, and does not enter 
the problem. Therefore any change in the effective apertures due to 
mismatch will effect the values and 1*2 . These will change the value 
of , and instead of giving the true value of the efficiency they will 
give a value itfiich will include the losses due to mismatch as well as 
the heating losses in the antenna structure. Therefore it is desirable 
to eliminato mismatch as much as possible. 
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Occasionally the hysioal size o:' the antenna and the terminat- 
ing impedance are such that they can not be located conveniently. Such 
is the case here, -where a small size cable, mG 58/1j, is used to connect 
tho antenna to the bolometer resistance* If the cable wore lossless 
the matching problem would be simplified. The maximum power transfer 
would occur when tho line impedance was matched to the generator impe- 
dance. For a maximum power transfer the impedance looking to -he right 
from an arbitrary point must be tho complex conjug&to of the impedance 
looking to the left from the same *oint; the reaotances qual and 01 osite 
and the resistances oqual. For the lossless transmission line a conjugate 
match at one point will insure a conjugate match at all other points. 
Therefor-: for a maximum power transfer into the terminatinr impedance all 
that is necessary is that the impedance at the input terminals of the 
connecting line bo equal to the o *.plex conjugate of tie antenna impedance, 
or that the terminate ' impedanoe be equal to the conjugate impedance of 
tho connectir . line at tho termination. However, with losses existing 
in the line, it does not follow that a conjugate match at ono point will 
insure a match at all other points* The general approach will oo* sider 
tho networks lossless, and then will account for the losses, 
b. For the horn antenna. 

The comparison horn receiver should convey the reoeived 
power to the bolometer resistance. The actual receiver is shown in 
Photograph A. Losses can lower the reoeived power in the boloc eter. 

Sources of power loss are the ohmic losses of the waveguide walls, of the 
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wavoguide to coaxial transition, and of the PhD tuner* If the losses 
are sufficiently small they • ay be neglected* ^he matching of the bolo- 
meter resistance to the coaxial line was aooom lished b> a double stub 
HID tuner, hatching the coaxial line to the waveguide was accomplished 
by a variable short and a probe of a preset length* These four variables 
wore considered sufficient to match the comparison antenna* 
c* For tho model antenna* 

The receivin' circuit of tho model is shown in Figures 
11 and 12. The aircraft odel and the tuner connected to the ai tonna 
are shown in Photographs B and C. In Figure 11 cable losses would noed 
to be calculated to correct for the received power at the input or out- 
put terminals of the antenna. Howovor with the tuner placed at the in- 
put terminals of the antenna the line losses would not occur and the 
doublo stub tuners could provide th* correct matchin • This was done to 
the extent that the tuner was embedded in the aircraft odel (see Photo- 
graph C and Figure 12)* A vory small section of the cable remained be- 
tween the antenna cavities and the connection to the PRD tuner. At 9000 
mc8. the imput terminals to suoh an antenna, two parallel oavities with 
a balun connection into a coaxial line, were not easily specified. Ar- 
bitrarily the input terminals were defined to e the junction of the 
antenna lead and tho tuner. . egardless of tho possible error of this 
approximation, the following assumptions were ado: 

(l) the PHD tuner was a reactive circuit with losses 

negligible. 
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(2 ) the 1 o 8 so 6 in the snail section of oable wore con- 
cidorod as part of the antenna losses* 

(3) the bolometer resistance mas matched to the model 
ii\en the dotected signal was a maximum in the bolcmetor amplifier* 

4* Correction for transmission losses* 

Where the lossos oan not be considered negligible it beoomes 
necessary to oorroct for them. When the input power is attenuated and 
voltage standin waves exist the following equation* may be used to find 
the input power providln the output power is known# 

p = P < -m* ni, 

H* Tout (1 -| r ,i)ru. 



.here = the ratio of the power received to the power transmitted 
when there are no standing waves. 

[" = the refleotion coefficient. 

P^ n = tho transmitted (input) power. 

Pout = "the received (output) power. 



• Principles of Radar, (17) pp 6-47 to 6-49. 
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CHAPTER IV 



EXPERIMENTS 

1. Preliminary experiments# 

All experiments other than those taken to determine the antenna 
efficiency are placed together as preliminary data. The power transfer 
and the degree of matching had to be checked prior to taking the final 
measur ments. The preliminary experiments are divided into those per- 
taining to waveguides and those to ooaxial lines# The data taken appears 
in the appendix# T he results and conclusions are given here, 
a# Waveguide experiments# 

(1) It became necessary to obtain some idea of the 
relative power transfer in the waveguide and in the coaxial fitting of 
the PRD tuner# This brought forth the rcbleci f probe transition 
within the waveguide, as well as the overall tr sfer of energy# Sever- 
al experiments were made usin different frequencies. The general setup 
was to transmit square-wave modulated signals through the waveguide to 
the detector# Photograph A slows the c ^parison horn with detector 
section. In these experiments the horn was disconnected and the de- 
tector seotion was excited through the wave uide directly. The relative 
power level and the VS7R were obsorved for the following variables: 
probe tip longth, probe diameter, length of short in the waveguide, 
and the length of the shunt and series short oirouit stubs of tho PRD 
tuner (see Figures 7# 10 and 13)* The results of these experi»ont 3 

wero: 
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(a) The probe tip diameter should be the sano 
size as the center conductor of the probe transition# The probe length 
should be about one sixth of the wave length in the guide, or it should 
project into the waveguide about 75 par cent of the waveguide depth. 
Although these results were obtained experimentally, they oan be obtain- 
ed from the literature#* 

(b) The probe length, the short length, and the 
series and shunt stub length of the PRD tuner were sufficient variables 
and provided appropriate matching# Figure 14 shows the VS»». and the 
relative power to the deteotor versus the short length (in turns and in 
wave lengths )• 

(2 ) The impedance measuring experiments were incon- 
clusive# The experiments were performed within the Fresnel region and 
inside a closed area. Reflections and cou ling were too r^at to give 
satisfactory results# 

b# Coaxial line experiments# 

(1) The r.f# energy w^s fed directly to a slotted line 
and then into various terminations • tfhon the PRD tuner was connocted 
to the cable the VSffiR varied fron 3 to 1 to 1# 3 to 1. Noar the frequen- 
cy of expected operation, 9000 mes#, the VSTYR was about l.J or 1.5 to 1, 
when tuned for majcinum power indication on the audio amplifier. Figures 
15> 16 and 17 show tho relationship of the VS**R and the relative power 

^Principles of Radar (17) Ch 10 Art 1J, Vn ST Lumford (14), G. L. Ra^an 
(15) Sections 6#3-6#4 and J. C. Slater (22)# 
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as the frequency w as changed* 

(2 ) Experiments were nade simulating model range con- 
ditions while inside an enclosed area. Probability ''or error was very 
high due to refleotir^ objects, strong coupling between antonias, and 
the antenna separation bein within the near (Fresnel) zone. There was 
no correlation of the data taken* An additional experiment was made on 
the model range. Tho model aircraft, with a slotted line in tie receive 
ing oircuit, was illuminated in accordance with i odel range requirements 
Tho low r. f. power level and the relatively large amount o r ; owor ab- 
sorbed by t .0 slotted line made it advisable to locate the tuning sect- 
ion as closely a J possible to the ante.na terminals. Estirated VSfiR 
under this condition should no rore than that obs* rv% . a’ovo, about 
1*2 to 1*5 to 1* Transmission losses due to thi * value of VST\R were 
negligible. The matching oenditions were considered satisfactory whon 
the detected power i^dicatirr was a i&x! urn* 

2. Efficiency experiments* 

a* Patterns of the model antenna to obtain the directivity 
Prior to the aotual efficiency experiments a set of con 
ical patterns was taken of th' « odel antonna. These patterns are includ 
ed as Figures l£ through 35* Pigures 36 through 36 show the coordinate 
syst • , the transmitter and receiver orientation, anc the oonical patt- 
erns varied over tbe sphere of radiation* Procedure for taking odel 
range data is included in the appendix. The only variation from the 
normal procedure was a change in the recording scale due to tho low 
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power output of the klystron. Due to tho radiation pattern of the model 
antenna it was not necessary to cover tho entire spherical surface. The 
conioal cuts were taken over the lower hemisphere frcm -65 to -90 degrees 
in 5 degree steps. Integrated values were taken over the spherical sur- 
face where tho radiation pattern existed. Tho inter, rated values, pro- 
portional to power, are included in Table 1. Theso integrated values 
wore plotted versus the cosine of the latitude, and then reduced to an 
equivalent sphere, (see Figure 59 )• Frcm these plots the directivity 
and the moximim effootive area wore obtained. 

b. odel range conformity. 

Tho model rangu ard matching requirements wore observ- 
ed as closely as possible. All of the model range requirements were 
properly satisfied, with he exception that it was nocossary to be in 
the illianinatin : field wh*n the easurement were t«ken. This w«»s due 
to the fact that each receiving setup had to be tuned for a :-ajcimun 
power indication. In all oases the receiving setups were tuned for a 
raxinun ; owor with an operator located behind the antenna. This was an 
effort to disturb the field as little as ossible. The effect of a 
person boin in tho field durin this adjustment was observed fw*r tho 
odel antenna, but was not noticeable 'or the comparison antenna. This 
condition was unavoidable and foreseen. The model antenna used was 
chosen for its* high directivity in an effort to reduco these undosir- 
able mutual coupling effects. 

o. Equipment used. 
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The equipment used for the transmitter, model antenna, 
and comparison anteni a are shown on a schematic diagram in Figure 4 0 . 

The model anteni a was located underneath the model aircraft at the f or- 
;mrd part of the left engine nacelle, as shown in Photograph B. There 
were four different measurements taken with the first one being incom- 
plete* The three completed measurements differ s mewhat. The differ- 
ence between measurements two and three was that a slotted line was in- 
serted in tho receiving circuit of the oom arison antenna, koasuroments 
two and four differ in polarization, aircraft model orientation, distance 
between transmitter and receiver, and output power of transmitter* 

Tho power density was maintained constant by maintaii - 
in$ tho power at the throat of the transmitting horn constant. This 
was accomplished by using a directional coupler (20 db attenuation) 
located near the throat of the transmitting horn, a tuned detector 
(PRD 612-A, No. I 96 ), and audio amplifier. These are a own, in 
block form, in Figure 40# 

The gain of the can arison antenna (Figure 41 and 
Photograph A) was obtained by using Schelkunoff 1 s (19) curves and 
equations. The two values are nearly equal. 

d. Data and calculations. 

(1) Calculations of model range distances. 

The dimensions of the transmitting and receiving 

apertures are: 

Transmitting horn = 7*5" x b.2" - 19.06 x 20.62 ce ? 
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Receiving horn = 5.3" x 5.b" — 13.47 x 14.7 om ^ 

2 

Reoeiving model = 65 x 75 om 

The lobe structure of the model was such that the major 
portion of the radiation w*s in the lower hemisphere, Range experience 
indicated that certain portions of the aircraft structure could be omitt- 
ed since they would not contribute anything to the radiation pattern. 

This was a valid assumption in this case due to the shape of the radiat- 
ing pattern and tho location of the model antenna on the model aircraft. 
Sixty per cent of tho wing span and the fusolago length were considered 
to be the physical aperture. Therefore the receiving aperture was 40 x 
4 5 cm? • 

The frequency of the experiment was limited between 
9000 mcs. and 9?00 mcs. The receiving horn had a lower limit of 9000 
mos, and the FRD tuner an up or lirdt of 10,000 mos. The APN-1, l/20th 
scaled antenna, had a frequenoy range of 6400 to 9200 mcs. Tho full 
scaled antenna had a frequency range from 420 to 460 mos. The scheduled 
frequency was 9000 mos. and the aotaal frequency used ms 9030 mos. At 
9000 mos 

^ _ 10pm d r m 4 5 cm d^ - 20.8 cm d r ^ = 14.7 cm 

2 

For uniform field R _ 2d r , R noc iel = 40 ft and Rhorn - 4.2 ft. 

For constant phase R-, 2dfrd r , Rmodol = 16 #5 ft and Rhorn = 6 ft. 

For minimum height h-d r /dt, h^^i - 3.2 ft and hh orn = 4.1 inches. 

The minimim height was 3 #2 feet and the minimum range was 40 feet. The 
aotual separation between the transmitter and the receivers was 40 foot 
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or more, and the height of the receiver was about l 7 feet above the ground 
plane. These values mere satisfactory for the frequency equal to 9030 mos. 

(2) Computations for the direoti-vity and the effective 
aperture of the model antenna. 

I bTE CRATED VALUES CF LODEL PATTERNS 
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Those values Yrere 


recorded by the 


ball and disc integrator 


on the 


auto- 


matic rocorder# 


The values of E9 


and E^ were proportional to the 


power 



received. 



TABLE I 
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Frequency of operation r: 9 030 me a, A =3*32 cm 

Power avor aging # Planimeter Jo. 45522, KdE was used to obtain area 
under the curves of Fi ure 39 • 



Planimeter 

Reading 


Value under Valuo under 

EG curve E^f curve 


1. 


5.9? 4.75 


2. 


6.24 4.70 


3. 


6.11 4.71 


4. 


5.91 


average 


6.06 4.71 



Total value 10*77 square inches 
Length of ba 60 of area covered 10 inches 
^average — Jq = • # 7 inches 



^average : 


= 21.54 (on same scale as inte rated values) 


e 8 


= 2.072 


e 8 


Tfas set to the same scale as the polar plots 



so that no further scale factors were needed* 
For experiments 2 and 3 



E 


= 5.5 (solocted point on lobe) 


E s 


= 2.072 


Diroctivity 


= 7.04 - P/P av 


Effective Area 
For experiments 1 and 4 


= 6.16 - DT\ 2 AtT 


E 


= 6.0 


E s 


- 2.072 
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Directivity 



* 8.4 



Effective Area = 7«56 

E0 and E $ are properly labeled as shown on Figures 35 and 37 f° r the 
roooiving conditions. Due to the method of takin the polar patterns 
there was a 50 degree change in orientation. A vortical polarised wave 
at the transmitter appeared as a horizontal polarized wave at the r odel 
aircraft. 

(3) Computations for the horn antenna. 

The horn antenna used was a result o ccmpranise 
between the available waveguide c tponents, tho available powor sourco, 
and the desired optimm horn. The data below is for a frequer of 5030 
nos. Figure 41 shows tho relationship of the horn para- eters. which are: 
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Rm A 
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160.688 cm 


a/\ 
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4.437 om 


/ 1 mA 
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/ RmA/a 




.66055 cm 


Rm 
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48.4 cm 


&// A Rm 




1.162 or 


Re 




44.2 cm 


/ 2 P.oA 


- 


17.131 cm 


Rn/X 




14.75 cm 


b//A 2 Ro 


- 


.7657 om 



By using Schelkunoff ' s (15) curves the gain and the effective aperture 
were found to bej 

9“ £= 43.9 } = g <*£)(** f) = itz i+3-9)(J7.2) = /60 

Je 3t 2 At,- - 140.5 Cm' 

Due to the fact that these curves wore printed in a text and difficult 
to read with any decree of accuracy the effective aperture was calculat 
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0 d from the following equatiors* They ivere broken apart to agree with 
the values .'*ound separately fro* the printed curves* Schelkunoff defin- 
ed parts of the equations as related to Fresnol Integrals* The publi- 
cation used for the following calculations was "Tables of Functions", 
Jahnke and Ende, (11). Because tho definition of the Fresnel inte 0 ral 
was different than that given by Schelkunoff the "Error Integral" on 
page 34 nas used instead of the "Fresnel Inte ral" tabulation on page 

55. 



Equations: 



^ ^ | [C(u)-Clv)] *+- [Slw)— ) 

= ^[cW s*»)] vv= - .7657 



J 2* R* 



U - 


/ //^v , O ) 

/Flo t J 


1 =1.43 


w - / IfAfim 
V ~JT\ 4 


C(u) 


= .5156 


S(u) 


- .7017 


C(v) 


r -.2121 


S(v) 


= -.0055 


C(w) 


- .7138 


S(w) 


- .2 585 






[C(u)-C(v3 2 

(S(u)-S(vj* 



- .52 7? 
I .5101 

- .%66 



C(u)-C(u) - .72 6 6 

S(u)-S(v) r .7142 

C 2 (n) = . 5095 

S 2 ^) r .0571 

< 5"'b= - 42 

qe — = JMidMl f.srubl* 37-92 

1 a (3.14) ( 13.4V ‘ J 

% ' ¥2 1 ir t l4*-7*)(37.92) = /S9 

Ain, - ^/4 tt= 1 39.7 cm z 
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This value of was used in preference to the value obtained from the 



curves. 



( 4 ) Uoasuroment s of the - odel antenna and tho oars pri- 
son antenna ountod on the .odol ran o 0 . 
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Tho 7oltage values were proportional to tho power in the bolometer de- 
toctcr. The voltage readings wero those of the bola. etor amplifer w*ich 
was calibrated and linear. 

The third run had a slottod line inserted in the rec iv- 
in^, circuit of the cor., arison antenna. The \S"iR, when this measurement 
was tak»<n, was 1.06 to 1. This vorified loose coupling between the trans- 
mitter and the receiver a. d good matching for the oemparison antenna. 

The receiving equipment f.-*s tuned in tho sane mannor for all runs. Tho 

distance between transmitter and receiver was 4 5 feot for runs 1# 2 and 
5 and 40 feet for run 4. 
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SUi-VARY OF DAT;. 



Cx eriment No. : 1 


2 


3 *: 4 


Date taken 


karoh 2 5 


Larch 2 6 


4 

Larch 26 : April 1 


lolarization at 
trari-i J.ttor 


Vertical 


Horizontal 


: : 
Horizontal : Vertical 


i.oise level 


• C 02 5 v 


.002 5 v 


.002 5 v : .0035 v 


WIG 


.0036 V 


i s : 

.054 v : .054 v : in noise 


*£ ... . . 


.055 V 


• • 

4 4 

in noise j in noise : . 03 b v 


•Pv 


lost det. 


" i " " : 1.30 v 




*1 n 


i : 

2 . 1 b 0 v i 1 .L 0 v : in noise 


A? n (calculated) 


135.7 cm 2 


2 : 

139.7 cm 2 t 139.7 crt 2 : 139.7 cm 2 


Ag n (curves) 


140.5 on 2 


2 1 2 1 2 
140.5 ca : 140.5 cn : 140.5 cm 


Ea 


2.073 


: : 

2.073 : 2.073 : 2.073 


J (max on lobe ) 


6.0 


i i : 

5.5 : 5.5 « 6.0 


Directivity 


b . 4 


7.04 i 7.04 j 1.4 


Air. ( ••perture ) 


2 ! 
7.36 car 


6.16 cn^ 


2 1 2 

6.16 cn : 7*36 cm 


Efficiency with i 

A^n calculated 


t insufficient 
data 


5b. 1 * 


4 

4 

4 

66 . c£* : 55.4 I 


Effioienoy 
with curves 


insufficient 

data 


56. % 


: 

6 b. 4 * : 55.8 i 


A>?m (corrected )*♦ 


133.2 cm 2 


133.2 


113.2 : 133.2 


Liiiciency *itn 
frar corrected 
calculations 




53.6/. 


65 . : 53. c/o 











kisc . : slotted line with Ilo. 3 with VS?R of 1 . 06:1 



TABLE III 

♦The slotted line probe took a considerable portion of tho energy in the 
waveguide thereby lowering value Vl£ and increasing the effioienoy figure. 

♦♦Correction for edge effects, W. C. Jakes (10). 



66 



I 






.. 



* 



i 



9 

















• » * T 






I 









CHAPTER V 



EVALUATIONS AI D RECC2£JEirDATIOi;S 
1. Evaluations, 

One of tho objectives of this paper was to search the literature 
for the methods of finding the antenna efficiency by using scaled models. 
Then a specific evaluation by a selected method was to be made. These 
objectives have been completed. 

Four methods of obtaining antenna efficiency have been outlined, 
however three are rejected for various reasons* Some of the reasons for 
rejection are: (1) the lack of control of the reflections when the odel 

is used as a transmitter, (2 ) there are no existing absolute field in- 
tensity measurin instruments at nicrowavo frequencies and (3) that an 
absorbent, non-ref lectin : material is unavailable. The fourth method, 
the comparison method, appeared to have more ohance of successful com- 
pletion, The outstanding advantages of the comparison method are: (1) 

absolute power measurements arc unnecessary and (2 ) tho model may funct- 
ion as a receiver thereby permitting use of the model range. (The model 
range oan be used for receiving and transmitting, however reflections are 
controlled more easily when the model is used as a receiver). There is 
tho possibility that the integration process used to obtain the average 
power radiated (reduction to an istropic souroe) may contain informa- 
tion for other solutions. If these solutions existed the necessity for 
accurate matching would bo eliminated and the model range technique 
improved. This thought was considered, but nothing profitable was for- 
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soon and therefore abandoned as a method of solution. 

The validity of the presented method depends upon five equa- 
tions, G 0 ~ D 6 



D - 4Tf Aem 

A 1 



A 2 - Aem 



W = ft Ae 



and tho assumption that the comparison antenna (an electromagnetic horn) 
has an efficiency of 100 per cent* From these equations an expression 
is derived for the efficiency in terms of quantities that can be measur- 



ed on the model range or computed from known data, *f\ _**1 

L " *2 Aim 



This has 



oircumvontcd the necessity for an absolute measurement of either power 
or field intensity at the operatin' frequenoy. The latter equation ox- 
presses the efficiency of the model antenna when there are no losses 
in the available power due to matching conditions of oither receiving 
cirouit* 

The model range requirements wore observed as olosoly as possi- 
ble. However thoro were two departures that were unavoidable* The gain 
of tho comparison antonna was more than 10 db greater than the gain of 
the modol antenna. There was tho possibility of unwanted reflections 
since it was neoessary that someone be in tho illuninating field to tune 
tho receiving antennas. Thoro were no noticeable effects when the com- 
parison horn measurements were taken, but there were slight flucuations 
of the bolcmetor amplifier voltage when the ncdel antenna wa 3 being tuned* 
For all measurements a position was found, in line with the range tower, 
whore small movements caused no variation of the bolometer amplifier 
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voltage# This position was considered the point of minimum reflection. 

The question of accuracy is not too easily answered# The 
efficiency of the comparison horn is very likely to be less than 100 
per cent duo to ohmic losses# The factors that can causo changos in 
the observod power indications are: a mismatch not permitting all the 
received power to reach the bolometer detector, ohmic losses between 
the antenna and the detector, and transmission losses due to standing 
waves# The physical dimensions were kept as short as possible. The 
FRD tunor was located close to the "input terminals" of tho model an- 
tenna. Transmission losses were considered negligible. In run 3 & 

VSkfR of 1#06 was measured. This value of the VSTfih is a good indication 
that the oomparison antenna was matched. However the degree of matching 
for tho model is doubtful, but there is no reason to believe that it was 
any more unfavorable than th^t of the preliminary experiments where the 
VS7H was in tho neighborhood of 1.2 to 1#5* It will be concluded that 
the model antenra wa3 matohed when the bolometer amplifier voltage was 
a maximum. (It may be mentioned that if this assumption is in orror the 
effioienoy, as given by the derived expression, will vary greatly)# 

There is an additional correction for the ccmnarison antenna 
for edge offects in accordance with the experimental data of Tf. C. Jakes 
(10)# The antenna used was not an optimum horn, however very oloso, 
therefore a maximum of .2 db will be taken from tho computed gain. This 
roduoes tho computed gain to 152, the computed aperture to 133 * 2 , and the 
efficiencies to 53*6 por oont for measurement 2 , to 65*0 per cent for 
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measurement 3# and to 53*0 per cent for measurement 4# 

Based on the data token, the efficiency varied between 53 per 
cent ana 56 per cent. In the expression f\ ^1 Agm > ^1 appears to be the 

quantity most open to question. appears more reliable due to the low 

VS7ZR of run 3 and the data of the preliminary experiments. has been 

taken from curves, checked by computations, and then corrected for edge 
effects. Ai m is independent of ohmio and mismatch losses. The efficiency 
of the comparison horn, if leas than the assumed value of 100 per cent, 
will lower the value of the antenna efficiency of the model. Conceding 
that there may have been mismatch and ohmic losses between the model an- 
tenna and the deteotor, the value of Wi can only increase when any correct- 
ion is made# Therefore, assuming the horn e ficiency equal to 100 per 
cent, the low value of has been obtained. Any matching refinements 
or any calculation of transmission losses will increase the efficiency. 
Negligible transmission losses and a high horn efficiency seem to be 
reasonable asaianptions. Therefore the value of 54 per oont for the &n- 
tanra efficiency of the model appears very reliable. However there is 
the need of another method to check these values experimentally. 

2. Recommendations. 

The physical arrangement for receiving with the comparison an- 
tenna is considered satisfactory. The arrangement with the model antenna 
is somewhat doubtful, in that bettor knowledge of the degree of matching 
should be available. If further tests were to be made it is recommended 
that a highly efficient matching network be devised, at lease seme 
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arrangement where more information would bo available when the measure- 
ments were made. The model used was of one polarization and it is not 
known, from the data taken, if there were any radiation in the other 
plane of polarization below the noise level of the bolometer amplifier. 
Since the bolometer amplifier had a sensitivity of .1 miorovolt there is 
little that oan be gained in the receiving section, however the r. f. 
power radiated by the transmitter could be increased. In addition to 
raising the power level of the measurements above the noise level, an in- 
crease in r.f. power would permit a greater distance betwoon tho trans- 
mitting and receiving antennas, and permit maintaining the effeotive 
power density of tho incident wave constant by using the feedback network 
in the bolometer amplifier. This provision is inoluded in the bolccicter 
amplifier when the transmitting power is of sufficient strength. (The 
only source of power at this frequency capable of square-wave modulation 
was the -J* watt Varian X-12 klystron. A 5 watt klystron was available, 
but it could not be modulated). 

In the event that this method should be investigated further 
and found satisfactory for use, it is recommended that these measure- 
ments be made at the same time that the radiation patterns are recorded. 
Some other cheok on the efficiency figures obtained should be made. Che 
method could be a direct absolute measurement and another method could be 
an investigation of the performance records of flight tests. 
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APPENDIX A 



THE MODEL RANGE 

The theory of the model range is contained in articles by various 
authors.* It has been established by a series of comprehensive tests 
conducted over & two to three ear span by the Naval Test Center at 
Patuxont River, Maryland that there is good correlation of model and flight 
measurements.** 

One path propagation is simulated without ground reflections or sky 
return. Due to the ease of construction and data takin 0 , the information 
is obtained from the model when it is in a receiving condition. The model, 
mounted in a moveable tower is illuminated by a fixed transmitter, see 
Figure 40. A set of conical receiving patterns is obtained over the com- 
plete sphere. The coordinate system, illustration of conioal patterns, 
and the physical arrangement are shown in Figures J6, 37* 36 and 40. The 
model may bo mounted as desired, at the nose or tail of tho fuselage, or 
at tho top center position as shown. Froquently the nose position is used 
for coverage of one half of the sphere and the tail position for coverage 
of the other hAlf. This prevents the tower from being between tho trans- 
mitter and the receiver. (Tho experiments conducted did not include this 
refinement.) As shown in Figure 36, for a given polarisation of the 

*Tho theory of the model range and many of the techniques are given by 
J. D. Kraus (13)* S. Silver (21), C. C. Cutler (2), R. S. TTehner (24), 

P. S. Carter (1) and G # Sinclair (22). 

♦ ♦Project TED No PTR EL 577 ET31 3-047 16 June 19 52 ELECTRONICS TEST 
DIV USNATC PAX RIV MD. 
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incident wave at the model, the latitude 0 is varied in increments of 5 
or 10 degrees. The longitude ft is varied from 0 to 560 degrees for each 
latitude increment. The number of variations in latitude depends upon 
the degree of accuracy desired and the characteristics of the radiation 
patterns. Two sots of conical patterns are obtained, one for Eq and one 
for E^J polarizations. 

In the antenna laboratory at the Douglas aircraft Company, Ino . the 
illuminating field was square-wave modulated. The detector was usually 
mounted as close to the model antenna as apace would permit. Both tuned 
and untuned detectors were used. For the radiation patterns the matching 
conditions were not important providing sufficient signal was available 
and the system was loosely coupled. The detector signal was sent to a 
bolometer amplifier, a torque amplifier, a ball and diso integrator, and 
an automatic pattern reoorder. The integrator receivod signal proport- 
ional to the received power, and the recorder roceivod signal proportion- 
al either to power or voltage, /oi integrated sum proportional to the 
received power was recorded along with each voltage pattern for each 
variation of latitude 0. Similar data was taken for the other polariza- 
tion. The integrated suns were then plotted against the variable cosine 
0, see Figuro 39* The average area of this plot was obtained with a plan- 
imeter. The average power was the sum of the average power areas of the 
Eq and E^ polarizations. With the proper scale choice tho average area 
was equatod to the average power from which the spatial r.m.s. voltage 
of an equivalent istropic source was computed. This voltage was 
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proportional to the square root of the average power. Since this value 
contained only root mean square values and was derived from the average 
power after the integration process, it was used with the instantaneous 



The relationship between this spatial r.m.s. voltage and the average 



The bolometer amplifier had four ranges of amplification, each range 
constant and calibrated, ’^he maximum a. lification was 60 db and the sons 
itivity was 0.1 microvolt. The soale relation between the integrator and 
the recorder was Y — where X was the recorder scale in voltage and Y 

was the sum of the integrated values on a counter. If the recorder traced 
a pattorn of a constant circle of 10 units through 360 dogreos, the inte- 
grator counter would road 500. Only the directivity and the relative 
radiation patterns were obta-'ned from the model ran*e. T. e average power, 
considered as on isotropic source, v.as plotted as a circle on the radia- 
tion patterns. The field strength at one mile from an isotropic radiator 
radiating one watt of power is 3.4053 millivolt per meter.* With the out- 
put powers of the isotropic source and the - odel equal a soale existed for 
prediotin^ the field strength at any point in the radiation pattern. 

Figure 40 shows the components of the measurement experiments and 
their relative relationship. The receiving horn is shown in Photograph 
A. The audio lead to the bolometor a lifier is disconnected, lhc dis- 
tance from the throat of the receiving horn to the center of the probe 
* P. S. Carter (1 ). 
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transition. Figure 1J> was 12.855 inches* r he distance from probe transit- 
ion to the variable short was between 4.875 and 6.653 cm, depending upon 
the short position. The modol antenna was a l/20th scale APN-1 radio 
altimeter antenna v/ith a full scale frequency of 420 to 460 ncs. and a 
model frequency of 6400 to 9200 mcs. ^he location of the model antenna 
was on the underneath aide and forward in the starboard engine nacelle 
as shown in Fhoto 0 raph B. Photograph C shows the PRD tuner in the air- 
craft model. The cablo seen at left center oon lects to the antenna and 
to the tuner. Due to practical cans derations this length oould not be 
shortened. Avo PRD tuner and bolometer mount, (model 612 -A), inoluded 
in Photographs A and C, was made by the Polytechnic Research and Develop- 
ment Company, Inc. One tuner, serial number 200, was used for all meas- 
urements. The other tuner was used in the monitor circuit which insured 
that the incident power intensity was constant for the experiments. RG 
56/U cable was used for part of the model antenna, and for the audio 
oirouit from the bolometer resistance to the am, lifier. The bolometer 
amplifier was made by Piokard and Burns, The torque amplifier and the 
automatic recorder, includin the ball and diso intogrator, were made by 
the Antenna Research Laboratory of Ohio State University, 
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APPENDIX B 



AAVlaUIDB TO COAXIAL LINE TRANSITION 

It was necessary to transfer the incoming energy to the bolometer 
detector with as few losses as possible. l he FRD detector and tuner had 
a coaxial fitting and it was necessary to transform the energy from a 
rectangular waveguide to a coaxial line. Laveguide to coaxial line coup- 
ling can be made by proper choice of variables providin 0 the impedance of 
the coaxial line is oqual to or less than twice the characteristic im- 
pedance of the waveguide. There are several wavoguide couplers that could 
havo been used.* 




Figure 42. 

Waveguide to Coaxial Line Coupler 

Figuro 42 shows the typo of coupler used, a single probe projecting into 

the waveguide, and a variable short. The variables are the probe length 

"p" and the distance to the waveguide short " l” . Figure 1} shows the 

•Waveguide to ooaxial coupling is oovered in detail in other publications 
as Slater (23) pp, 296-3^ C , Ragan ^15) Ch. 6, NUT, Principles of Radar 
(17) Ch. 10 Art. 13, and Mumford ( 14 ) article in IRE. 
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detail structure of the coaxial transition. Photograph A shows the actual 
receiving arrangement, not includin’ the bolcmeter amplifier. 

For matching, "jf and "1" should be variable. One experiment showed 
that tho variable short had the required change in electrical length for 
corroot matching. The other experiment selected the optimum probe tip 
length which remained fixed throughout the remainder of its use. The 
distance of the -/triable short from the probe had an optimum* value of 
about .22 Aj at an operating frequency of about 9000 mcs. Practical con- 
siderations made it necessary to use greater values of "1". 



Figure 4j. 

Reactance vs. Electrical Length of Wave-uide Short 
A = Optimum Position of Waveguide Short. 

It oan be seen from Figure 4j that various positions of the variable 
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position* Figure 14 shows the results of one of these measurements* The 
true location of the electrical length of the waveguide and the optimum 
positions are difficult to show. ihe true shorting position within the 
waveguide of the waveguide short was not known accurately, therefore 
exact location of the scale was not possible* With a correction for the 
position of the scale it can be soon that good matching occurred where 
the length was between 3/2 and 7 /* , nea t JL- + The 

probe tip of the oenter conductor, for the curves of Figure 14, was not 
the optimum diameter* A sot of probe tips was made of the same sire as 
the inner conductor* Their lengths varied frem 16/64 inches to 22/64 
inches* The VShR end the rolative power in the bolometer amplifier were 
observed for each probe tip* The probe tip length of 19/64 inches was 
selected as on optimum length* When used in the x 1 inch (o.d.) wave- 
guide the tip projected into the guide about 73^ of the guide depth** 
This probe tip length, variable short, and F-D tuner, as shown in Photo- 
graph A, were used to transfer the received onergy from the wavoguido 
to the deteotcr • 1 he eouipnent used in these experiments was arranged 
as shown in the following block diagram. 




Figure 44* 



Diagram of Transition Experiments 

♦The probe tip length agreed with that ;iven by the following authors* 
These experiments showed about 73/° projection into the waveguide* Ragan 
(15) and Mumford (14) show the sare percentage* KIT (17) gives ^/6, 
which in this case is about 60 ?o projection into the guide. 
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Informational datal 



Variable short length, 0 to 3*576 cm, 

Probo tip to minimum short length, 4*675 cm. 

7ave length in ?*aveguido, 4.65 cm.; in air, 3 • 32 6 cm. 
PYequency, 90°0 mcs. 

Optimun length, 1.067 cm. 



Probe tip data: 



t 

Order s 1 


2 s 3 


4 


5 : 6 : 7 


Si 10 i lb 


X 

17 t 16 




1 S 

20 : 21 t 22 


: 

VS1« s 1.23 


: 

1.24 s 1.22 


1.12 


: : 

1.1? : 1.24 » 1.31 


! : : 

Kel. Power t 6.4 : 6.4 : 6.4 


6.4 


: * 

6.3 x 6*3 : 6.C 



(Size 19 means 19/64 inches diameter.) 



turns of short 


t 

: 0 


: 10 


: 20 


5 30 


# 

e 

x per turn 


longth in cm. 


: 

: 4.92 


! 5.773 


: 7.026 


: 6.079 


i .1053 
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APFElfDIX C 



PRELIMINARY EXPERIMENTS 

Tho preliminary experiments were made to obtain data on the match- 
ing and power transfer of available components in the antenna laboratory. 
Some parts wero made to supplement existing equipment, *-he experiments 
wore divided between those pertaining to coaxial linos and those confined 
to waveguidos. 

1. Coaxial lino experiments: 

The coaxial line experiments were made to find the PRD tunor 
characteristics and the mate} ing conditions when the model antenna was 

used. 

a. HiD Characteristics. 




FIGURE 45. 

Diagram of HD Charactori sties Experiment 
The PHD tuner was c nnocted dirootly to the slotted line. Tho pur- 
pose of these experiments was to see how tho VSHI* in the slotted line 
and the relativo power reoeived in the bolometer an lifier would change 
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This was the detect- 



for small changes in the length of the tuning stubs# 
ion system for the model an. comparison antennas. The length of the series 
and shunt stubs were moved until the bolometer amplifier reading was a 
maximum# The readings of the VSTiR and relative power were recorded with 
the shunt stub length being varied and the series stub length being fixed# 
The following data was taken. 



HID Characteristics, Coaxial 



Shunt length 
in turns 


"T OTTnHvrCTT 

VS^iR Rel# Power 


f 5000 t 2 j 
VStCl Rel.Pcraer 


l' 1840 mcs. 

VSili Rel.Pcrwer 


£ o2CO mcs. 
YSlf.l . si .Poi 


0 


7.5 


2.7 


10.0 


2.6 


1.5 


.3 






4/16 


5.5 


5.6 


10.0 


3.6 


1.38 


.3 


4.2 


.56 


5/16 














1.3 


10.00 


6/16 










2 


1.6 


3.7 


5.0 


8/16 


5.7 


4.0 


8.5 


4.0 


4.0 


4.0 


4.0 


1.35 


9/16 










2.2 


b #4 






10/16 










1.5 


8.8 


5.5 


.7 












1.55 


10.0 






11/16 










2.1 


5.4 






12/16 


4 • 4 


4.2 


7.5 


4.6 


2.15 


4.3 


6.0 


.42 


l 


2.7 


6.0 


4.8 


6.6 


2.8 


.5 


high low 


I4 loss than 






3.6 


10.0 






ti 


« 





2.8 


9.6 


10.0 


6.5 


1.75 


• 4 




* 


i& 


10.0 


.2 


10.0 


.2 






Tf 


ti 



TABLE r; 

The data for the frequency of 5000 mcs# is shown plotted in Figure 
1 5 # These curves show that there was a maximum power indication and a 
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lowering of the VS.fi at the sane hysical position of the shorted stub. 
The data for tb40 mcs. and b200 mcs. is plotted in Figures 16 and 17. 
There was fair evidence that the power transfer and the low VSWR were 
occurrin 0 at the sa~.o time, and that the matching desired was being 
accomplished . 

b. Impedance measure- ents, coaxial. 




Fi.-uro 46. 



Diagram for Impedanoe keasurenents 
An attempt was made to determine -ho impedanoe at the model antenna 
terminals* The reason for the measurements was: what was the impedance 

value presented to the antenna terminals when the maximum power indicat- 
ion was observed in the bolometer amplifier? The model antenna w s art- 
ly constructed of RG 58/d cable. Small sections o. the cable were cut 
to the same length as the cable feeding the ante .a. This permitted sub- 
stituting a short and on open circuit for the antenna vdthout removing 
it from the model. The impodance was measured at the antenna terminals 



84 










. 

, ♦ 

. . k r *; 

Pi . v . f • «i,.. 

- 



t c 










’ • ll. 

. . 

m • ^ ** i i ■* • ***»• * 

i L ■ m , t * *f 

. 

. . - ' 

• . . ) . . ♦ . * < » t. 

- .. * . y > . 






looking into the antenna and then into the detecting network. There were 
many detrimental factors in those measurements such as different velocities 
of propagation, large reflections, different current distributions, and 
non-conformity with model range practices. The data taken, although of 
doubtful value, was: 

Impedance Measurements, Coaxial 

kin Eon Plfi * 2 Lookirg 

No Short Load Diff ^3 ^ Z Recomputed VSVCl Tow ard 

7.23 7.41 .18 3.4 .053 G .33-j.Jl 16.5-315.5 l6.25-jl5.75 3.4 Antenna 

1 

8.14 8.01 .15 3.4 .0382 L — 32.5+j 6.0 32.54J 7»5 1.6 uetoctor 



10.34 10.05 .29 3.4 .0853 u .46- j. 5 23.0-j25.0 23.0-J23.0 2.6 Antenna 

2 

11.03 9.37 1.66 3.4 .4861 G .lo-j.03 40. 1+ j 1.5 40.04 j 1.5 1.26 Det eotor 

10.27 12.22 1.95 3.4 . 574 L 1.23-j.77 61.5-J38.5 28.0*jl8.5 2.12 Antenna 
3 

11.07 9.65 1.37 3.4 .4032 G ,65-jl.O 4'>.5-J50.0 ?5.0 f j29.5 2. L 4 Det ector 

TABLE V 

0. Model antenna and slotted lino on the range tower. 

The model aircraft, including the modol antenna (see 
Photo raph B), was mounted on the model range. A slotted line was in- 
serted botween the model antenna and the detector. The purpose of this 
particular experiment was to observe the VS(E between the antenna and the 
detector, and the effect of the slotted line, when the modol was being 
illuninated on the model range. A range separation equal to or greater 
than the modol range requirements was desired. Sufficient signal for 
tuning tho detector was received when the range separation betwoen the 
transmitter and the receiver was over 50 feet. However, for sufficient 
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r.f* power to permit a determination of the YSWR with the slotted line, 
the range separation had to be decreased to 2 0 feet* The value of the 
VSIJP. at this distance was about 3*5 to 1. ^cording to the model range 
requirements this distance was too small, so this type of mounting was 
unsatisfactory* An increase of r*f* power would have allowed an increase 
in the range separation* However a klystron, capable of being square- 
wave nodulated and with a greater power output, was not available at the 
tine of the experiment. Therefore tho detection system, the HID tuner, 
was embedded within the aircraft model (see Photograph C). This per- 
mitted ocmpliance with model range requirements and improved the matching 
conditions. 

2* Ziavoguide experiments. 

Experiments of the samo nature as those made for tho coaxial line 
were made with tho waveguide components. 

a* Tuning characteristics. 

Figure 45 and Photograph A, less tho electromagnetic 
horn, show the connection of the waveguide components* Five sets of data 
were taken, each for a different probe tip diameter* The sot given below 
is for a diameter of 13/64 inches. The actual prole tip usod in tho ef- 
ficiency measurements was 16/64 inches in diameter, however no data was 
taken for this size. Figure 14 shows these values plotted. This exper- 
iment is discussed elsewhere in this paper and will not be repeated. 
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FRD Characteristics, Waveguide 
Frequency 902 0 mcs. 



V.avo "uide Short 
length, in turns VS’i/H 


Rel. Power 


Viaveguid© Short 
length, in turns VSWR 


Rel* Pom 


0 


1.4 


19.0 


16* 


1.32 


19.2 


1 


1.46 


18. 9 


19 


1.5 


19.4 


2 


1.46 


It . 9 


20 


1.4 


19.6 


3 


1.55 


16.9 


21 


1.4 


19.8 


4 


1.53 


18.9 


22 


1.44 


20.0 


5 


1.50 


18.8 


23 


1.42 


20.0 


6 


1.52 


16.8 


24 


1.42 


20.0 


7 


1.50 


16. 7 


25 


1.36 


20.0 


8 


1.42 


16.6 


26 


1.32 


19.9 


9 


1.24 


16.5 


27 


1.26 


19.8 


10 


1.36 


16.3 


28 


1.20 


19.8 


11 


1.23 


17.8 


29 


1.25 


19.6 


12 


1.30 


16.8 


30 


1.26 


19.7 


13 


2.1 


14.8 


30* 


1.34 


19.6 


14 


5.8 


11.4 


31 


1.13 


19.6 


15 


8.5 


5.6 


31* 


1.26 


19.6 


15* 


2.8 


12.1 


32 


1.32 


19.5 


16 


2.2 


14.6 


33 


1.26 


19.3 


16* 


1.29 


16.6 


34 


1.26 


18.9 


17 


1.17 


17.7 


Hear 31 


1.01 


19 . 8 * 


17* 


1.12 


16.2 


Near 31 


1.13 


19 . 6 ** 


18 


1.26 


18.8 












TABLE VI 






•When tuned for Minimum VSWR 








♦♦When tuned for Maximun 


Por/or 
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b. Impedance measurements, waveguide. 

A set of tests were made with the comparison oircuit 
similar to those made with the model antenna. The slotted lino was vari- 
ed in position. Scnetinos it was in the receiving circuit and other times 
it was in the transmitting circuit. Values for the impedance ere found 
at a point near tho throat of the horn. Z^ is the horn impedance and Zd 
is tho detector impedance. 



Impedance Measurements, Wavoguid o 



No 


VTn 

Short 


iiin 

Load 


_ , _ -v ir. 

Diff A* 


birr 

s . 


vs.e 


£ 


Z Looking 


1 


10.26 


9*72 


.54 


5.18 


G 


.1061 


1.32 


• 9* j«2 5 


45 * 312.5 


Zd 




10.26 


10.48 


.22 


5.18 


L 


.042 5 


1.064 


. 95-3025 


47 . 5 - 31.25 


Jh 




10.29 


9.5 


.79 


5.16 


G 


.1525 


1.48 


1 . 0643.38 


53+319 


z d 


C 


10.29 


10.47 


.18 


5.18 


L 


.0375 


1.055 


.9 5- J.02 5 


47 . 5 - 31.25 


z h 


T 


9.13 


8.66 


.47 


4.6 


G 


.ice 


1.14 


.9554 j. 12 


47 . 75 + 36.0 


z h 


s 


9.13 


6.65 


.46 


4.6 


G 


.1042 


1.26 


.924 j. 2 


46+310 


z ri 


A 


9.14 


6.61 


.33 


4.6 


G 


.072 


1.145 


. 915 * jo . 09 


45 . 75434.5 


Zh 


4 


9.14 


9.09 


.05 


4.6 


G 


.01085 1.22 


.694j.C25 


44 . 5431.25 


z d 




9.13 


6.79 


.34 


4.7 


G 


.068 


1.15 


•9*3.09 


45 + 34.5 


Zh 


J 


9.1? 


8.65 


.50 


4.7 


G 


.1063 


2.4 


.66*3.55 


33 * 327.5 


z d 


L 


9.12 


6.68 


.44 


4*6 


G 


.0956 


1.16 


.94*3.12 


47*36 


Zh 


O 


9.12 


9.96 


.64 


4.6 


L 


.1626 


1.55 


1.2 5-3-41 


62.5-3^0.5 


JLi 



TABLE VII 



Measurements 1 and 2 were made at frequency of 6820 mcs. and J through 
6 were at 92 55 mcs* 
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The sixth experiment was taken w^th extreme cart. Simultaneous readings 
of the VS’.iR were taken in the transmitter and the receiver circuits. 

The VSWl for the transmitter was 1.01 to 1 and that for the receivor was 



1.05 to 1. This showed that the system of transmitter and 
though the Fresnel zone conditions prevailed, was matched, 
range conditions should improve the matching conditions. 
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